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Abstract
When binocular vision is prevented with monocular occlusion, the two eyes assume a position of rest related to the combination
of underlying tonic innervation of the oculomotor system, cross-coupled accommodative-vergence input and vergence responses to
perceptual cues for spatial location relative to the head. When the latter two are controlled, the covered eye has been shown in the
majority of subjects to turn outward (exophoria) and upward (hyperphoria) after prolonged monocular occlusion. The present study
investigates the change in torsional eye alignment and its relation to vertical eye alignment after eight hours of monocular occlusion.
The results revealed an excyclophoria during occlusion in four out of ﬁve subjects. The patched eye also became elevated in two
subjects and depressed in two others. Thus, during prolonged monocular occlusion, the relative directions of cyclophoria and
vertical phoria appear to be independent. In addition, there were non-concomitant changes in vertical phoria with horizontal gaze,
toward a state where the adducted eye was elevated relative to the abducted eye. Simulations with OrbitTM suggest that these non-
concomitant changes in vertical phoria with a concomitant excyclophoria may be based upon orbital mechanics. Excyclophoria
appears to be the baseline state of binocular alignment.  2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction
Precise three-dimensional (horizontal, vertical, and
torsional) control of the two eyes serves to aid binocular
correspondence by keeping the horizontal and verti-
cal meridians of the two eyes aligned. To this end, the
oculomotor system utilizes an involuntary binocular
motor response (disparity vergence) to minimize errors
in vertical and torsional eye alignment to obtain con-
gruency of the two eyes’ vertical and horizontal merid-
ians (Tweed, 1997). When binocular vision is disrupted
(e.g. an occluder is placed over one eye) the disparity cue
is eliminated, the disparity vergence response becomes
inactive and the eyes assume a particular position of
rest. The change in the relative positions of the two
eyes (vergence), from the binocularly aligned state to the
monocularly occluded state, is deﬁned as the phoria.
During prolonged monocular occlusion, the magnitude
of the phoria increases with the duration of occlusion.
Marlow (1924) noted that the most prevalent changes in
phoria were horizontal divergence (exophoria) in 78% of
patients and an elevation of the occluded eye (hyper-
phoria) in 84% of patients after 7–14 days. These
observations have been replicated by other studies
(Charnwood, 1951; Viirre, Cadera, & Vilis, 1987; Liesch
& Simonsz, 1993), although discrepancies in the con-
comitancy of the hyperphoria across the ﬁeld have been
noted.
Little is known about the cyclotorsional deviations
of the two eyes after prolonged monocular occlusion.
Charnwood (1951) presented evidence that excyclo-
phoria may be the resting phoria after occlusion, but the
large values of excyclophoria observed (average 6,
maximum 16) after 10 days of occlusion indicates that
methodological issues (uncontrolled horizontal ver-
gence) may have aﬀected the magnitude of the results. A
cyclophoria change might be predicted due to the in-
teractions between cyclovergence and vertical vergence.
Cyclotorsion has been shown to change with the eﬀort
to fuse vertical disparities (Enright, 1992; Van Rijn
& Collewijn, 1994; Mikhael, Nicolle, & Vilis, 1995), al-
though the precise relationship is inconclusive. With the
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fusion of vertical prism, the eyes appear to have a con-
jugate torsional movement (cycloversion) in the direc-
tion toward the elevated eye (Enright, 1992; Van Rijn
& Collewijn, 1994). Mikhael et al. (1995) found that
placing oppositely oriented vertical prisms in front of
the two eyes produced vertical vergence accompanied by
torsion, such that the elevated eye had a counterclock-
wise torsion and the depressed eye had a clockwise
torsion, both of which increased from left to right gaze.
These changes in the torsion constitute non-concomitant
(eye position dependent) changes in cyclovergence, i.e.,
diﬀerences in cyclotorsion of the two eyes (right eye
minus left eye). A depression of the right eye coupled
with an elevation of the left eye in response to the prisms
produced a non-concomitant excyclovergence that in-
creased with leftward gaze. A signiﬁcant increase in the
clockwise torsion of the right eye was also found as gaze
changed from up to down gaze, corresponding to a non-
concomitant increase of excyclovergence with down-
ward gaze.
Given the documented changes of vertical phoria with
monocular occlusion as well as evidence suggesting
that cyclotorsion varies with the change in vertical eye
alignment produced by disparity vergence eﬀort, it might
be expected that cyclophoria would also vary systemat-
ically with the vertical phoria changes during prolonged
monocular occlusion. Changes in vertical alignment with
cyclovergence might also occur because vertical and
torsional eye position are controlled by the same neural
structures (Crawford, Cadera, & Vilis, 1991).
The present study investigated the eﬀect of prolonged
monocular occlusion on open-loop measures of cyclo-
vergence, cycloversion and vertical vergence in normal
subjects. Phoria was measured across the visual ﬁeld
before occlusion and then at two-hour intervals for
eight consecutive hours. Between measurement sessions,
subjects wore an eye patch over their left eye and re-
sumed their daily activities.
2. Methods
Objective measurements of eye position were made
using video-oculography, or VOG (SMI, Germany).
Two infrared CCD cameras image the two irises and the
system calculates three-dimensional eye position (hori-
zontal, vertical and torsional) in real time at a frame rate
of 60 Hz (for a discussion of the algorithms see Clarke,
Teiwes, & Scherer, 1991). The cameras are mounted in
a custom-made rigid frame that contains two infrared-
reﬂecting mirrors, three infrared light-emitting diodes
for each eye, and a mouth bite and head rest apparatus
for head stabilization. The frame, mouth bite and head
rest apparatus ensure that the subject can reliably be
situated in the same position relative to the cameras
throughout the experimental session. Vertical and hori-
zontal eye position were calibrated for each eye using
ﬁxation positions over a 20 range in 5 increments
along the horizontal and vertical meridians.
Because no absolute measure of torsion exists, tor-
sion was calculated with respect to a reference position
deﬁned as zero. We deﬁned zero for torsion and for
horizontal and vertical eye positions as the average
orientation of the lines of sight while ﬁxating a straight-
ahead distant target over a period of 5 s. The head was
pitched so that the eyes, intraaural meatus and the
straight-ahead ﬁxation target were in the same earth-
horizontal plane. From this reference point, all suc-
cessive measurements were calculated relative to these
images. The SMI system measures torsion in Fick co-
ordinates (for a discussion of coordinate systems see
Schor, Maxwell, & Stevenson, 1994) relative to the
straight-ahead reference direction. Leftward, downward
and clockwise movements were signed as positive fol-
lowing the right-hand rule.
Reference images were taken of each of the two eyes,
and from each image a reference segment was selected
from the iris. The reference segment was a luminance
proﬁle of a three-pixel-wide, 90 arc of iris features, a
given distance from the pupil. All subsequent torsion
measurements were made relative to these images.
Torsion was calculated for a given frame by cross-
correlating the luminance proﬁle of the reference seg-
ment to an iris segment in the test frame located at the
same region relative to the pupil, with the peak of the
cross-correlation equaling the angular torsion change
between frames. The same reference segment was used
for measurements taken throughout the experimental
session, allowing us to describe diﬀerences between pre-
and post-occlusion torsion.
Data were collected before occlusion, and then at two-
hour intervals for eight consecutive hours. Measure-
ments of eye position were made at 25 equally spaced
points arranged in a rectangular array subtending a
visual angle of 20 by 20 on a tangent screen. The ﬁx-
ation targets consisted of red and green patterns, which
the subject viewed through a red ﬁlter placed in front of
the right eye and a green ﬁlter placed in front of the left
eye. These targets, presented in an otherwise darkened
room, eﬀectively dissociated the two eyes. The targets
were created so as to provide no information for vertical
fusion or cyclofusion. The target for the left eye con-
sisted of four green ﬁlled circles (diameters of 0.5)
placed at the four corners of an imaginary square, with
adjacent corners separated by 2.0. The right eye saw a
red circle (diameter 0.5) placed at the same elevation as
an imaginary horizontal line bisecting the vertically
displaced green circles. The green and red targets were
separated by 6 cm (the average interpupillary distance),
simulating a far target placement. Because cyclotor-
sion may vary with horizontal vergence angle (Mok,
Ro, Cadera, Crawford, & Vilis, 1992) the subjects were
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asked to volitionally maintain their horizontal vergence
so the red circle appeared equidistant to the horizontally
spaced green circles, keeping horizontal vergence con-
stant at the simulated far distance. Each of the green
circles moved vertically from frame to frame at a ran-
dom speed. The result was a pattern of moving green
dots surrounding the stationary red circle. Vertical and
torsional eye movements were thus open loop in this
experiment. Each target was ﬁxated for 5 s, and data
collection occurred during this time. Between measure-
ment sessions, subjects wore an eye patch over their left
eye and continued their normal daily activities.
Data were analyzed oﬄine. The SMI program outputs
a quality index relating to the ratio of the auto-correla-
tion of the reference segment and the cross-correlation of
the reference segment with the test segment of subse-
quent frames. Each frame has an associated quality index
and in our analysis frames with low indices were ex-
cluded. Vertical phoria represented the diﬀerence be-
tween the right eye’s vertical position and the left eye’s
vertical position (right minus left) at a given horizontal
and vertical gaze direction. Vertical phoria was calcu-
lated in Fick coordinates at all measurement positions
and ﬁt to a plane, which described the vertical phoria
change across the visual ﬁeld. The parameters of the ﬁt
allowed us to calculate the change in vertical phoria as a
function of horizontal and vertical eye position, as well
as any overall (concomitant) shift in vertical phoria
across the measurement ﬁeld.
Cyclotorsional changes related to occlusion were
quantiﬁed for each eye by transforming cyclotorsion
data for each eye from Fick coordinates to rotation
vectors (Haustein, 1989; Haslwanter, 1995). These ro-
tation vectors were ﬁt by a least squares analysis to a
plane (displacement plane) and the parameters of the
ﬁt were used to quantify the diﬀerences between pre-
and post-occlusion measures of the planes. Listing’s law
describes the displacement plane: the orientation or
torsion of the eye can be described as though the eye
rotated from the reference position to the any other
position about an axis lying in the displacement plane
(Tweed, 1997). Rotations are represented in a right-
hand rule system where left, down, and clockwise are
signed as positive. Concomitant cyclophoria equals the
diﬀerence between the right and left eye torsion in the
straight-ahead position. It is calculated from the tor-
sional (naso-occipital) axis intercept of the planes ﬁt to
the rotation vectors (horizontal and vertical version
equal zero). Non-concomitant (eye position dependent)
changes in cyclophoria were represented by diﬀerences
in the yaw and pitch orientation of the two eyes’ planes.
Yaw tilt diﬀerences (YTD) describe the variation of
cyclophoria with vertical eye position and pitch tilt
diﬀerences (PTD) describe the variation of cyclophoria
with horizontal eye position. Note that our straight
ahead reference position did not necessarily coincide
with the primary position of the eye so that there may be
pre-occlusion yaw and pitch tilts of the displacement
plane because Listing’s planes are not parallel to the
frontal plane. Conjugate cyclotorsion (cycloversion)
changes were calculated as the average of the two eyes
positions and they were also expressed as concomitant
and non-concomitant changes.
Five subjects participated in the study; all had previ-
ously given written consent. One of the subjects (CMS)
required a refractive correction in order to see the target
clearly. In his case, large (7.5 cm) plastic lenses were
mounted approximately 4 cm from his corneal plane.
3. Results
After eight hours of monocular occlusion, four out of
ﬁve subjects showed noticeable changes in cyclophoria
and vertical phoria, relative to the pre-occlusion values.
To assess this change quantitatively, the open-loop cy-
clotorsion and vertical phoria data collected for each
subject at the 25 test points were plotted and ﬁt to a
plane, as described in Section 2. This analysis quantiﬁes
any constant change (concomitant component) across
the ﬁeld as well as any eye position speciﬁc change (non-
concomitant component) by the three parameters de-
scribing the plane: oﬀset along the torsional axis, yaw
and pitch tilt.
4. Cyclotorsional changes with monocular occlusion
4.1. Concomitant cyclophoria
The main eﬀect of monocular occlusion was an
overall change in cyclotorsion across the ﬁeld that was
in opposite directions for the two eyes. The concomitant
change in cyclotorsion is described by the torsion axis
intercept of the plane ﬁt to the rotation vectors (hori-
zontal and vertical version equal to zero). Figs. 1 and 2
show plots of the right and left eye rotation vectors for
subject JM before (Figs. 1A and 2A) and after (Figs. 1B
and 2B) eight hours of monocular occlusion. Fig. 1
shows the torsional component of the rotation vector
plotted as a function of vertical eye position and Fig. 2
shows the torsional component of the rotation vector
plotted as a function of horizontal eye position. These
plots are top-down (Fig. 1) and side views (Fig. 2) of
displacement planes. It can be seen in both ﬁgures that
the eﬀect of occlusion on the patched eye (left eye) was
a negative translation of the plane along the torsion
axis, corresponding to a counterclockwise torsion of
the left eye. The plane describing right eye torsion
translated in the positive direction along the torsion
axis, corresponding to a clockwise torsion change, rel-
ative to the pre-occlusion measurement. Concomitant
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cyclophoria equals the right eye minus left eye plane
intercepts. In this instance, there is an excyclophoria of
the two eyes, relative to the pre-occlusion measurement.
This pattern held in four of ﬁve subjects; the ﬁfth subject
(MS) showed no appreciable change in cyclophoria.
The goodness of ﬁt for the plane was described by the
standard deviation of the measurements, in degrees. The
average standard deviation of the cyclotorsion compo-
nent of the displacement plane for each eye was 0.42
for pre-occlusion measures, and 0.43 for post-occlu-
sion (8 h) measures.
Data from all ﬁve subjects are illustrated in Fig. 3.
The plane’s intercept, describing the overall translation
of the plane along the torsion axis, is illustrated for pre-
occlusion measures (top panel) and post-occlusion (8 h)
measures (bottom panel). The intercepts of the planes
for the left eye (white bars), right eye (black bars) and
their diﬀerence (right eye minus left eye, gray bars) are
shown for the ﬁve subjects. For the individual eyes,
positive values represent a clockwise rotation of the eye
and negative values represent a counterclockwise rota-
tion. For the diﬀerence data, positive values represent
an excyclophoria and negative values represent an in-
cyclophoria. The individual values of the cyclophoria
(right eye minus left eye) data for the pre-occlusion
measures were all in the excyclophoria direction (0.78,
1.03, 0.32, 1.10, and 1.23 for subjects CS, EG, JM,
MS, and SW, respectively). For all but one subject (MS)
the post-occlusion cyclophoria values were larger in the
excyclophoria direction (3.02, 3.69, 2.84, 0.84 and
3.03). The changes in excyclophoria (post-occlusion
Fig. 1. Torsion as a function of vertical eye position. Top-down view
of the plane of rotation vectors for each eye of one subject (JM) for
measurements taken pre-occlusion (A) and post-occlusion (8-h mea-
surement, B).
Fig. 2. Torsion as a function of horizontal eye position. Side view of
the plane of rotation vectors for each eye of one subject (JM) for
measurements taken pre-occlusion (A) and post-occlusion (8-h mea-
surement, B).
Fig. 3. Torsion-axis intercepts of the plane ﬁt are depicted for the ﬁve
subjects both pre-occlusion (A) and post-occlusion (B). Black bars
represent the intercept value for the right eye and white bars the left
eye intercept. The gray bars are the diﬀerences (right eye minus left eye)
and represent the overall cyclophoria. Positive values for the individual
eyes represent clockwise rotations. Positive diﬀerence values indicate
excyclophoria.
1188 E.W. Graf et al. / Vision Research 42 (2002) 1185–1194
minus pre-occlusion) were 2.24, 2.66, 2.52, 0.26
and 1.81. The average pre-occlusion cyclophoria was
0.89 of excyclophoria, and the average post-occlusion
cyclophoria for the ﬁve subjects was 2.69 of excyclo-
phoria. This diﬀerence corresponds to an average 1.8
increase of excyclophoria during 8 h of occlusion.
Fig. 3 also indicates that both the occluded and non-
occluded eyes contributed to the excyclophoria in three
of the subjects who exhibited change (EG, JM and
SW). The majority of the excyclophoria was due to the
right eye for CS, the left eye for JM and it was evenly
split between the eyes for EG and SW. For subject MS,
torsion values of the two eyes were similar before and
after occlusion.
The time course for the changes in cyclotorsion can
be seen by comparing the measurements taken at two-
hour intervals during the eight-hour occlusion period.
Analysis of the increase in excyclophoria (calculated
from plane intercepts) suggests that the response had
not fully saturated after eight hours for most subjects.
Fig. 4 depicts the individual subject’s cyclophoria for
each of the ﬁve measurement periods (pre-occlusion, 2,
4, 6 and 8 h after occlusion). It can be seen that for
subjects CS, EG and SW, excyclophoria magnitude was
greatest during the ﬁnal measurement session. For these
subjects, the full magnitude of excyclophoria change
with monocular occlusion may not have been revealed
by the eight-hour experimental session. Subject JM’s
excyclophoria appeared to have leveled oﬀ between 4
and 6 h, and subject MS showed no change.
4.2. Non-concomitant cyclophoria change as a function of
vertical eye position
The yaw of the displacement plane represents a
change in cyclotorsion as a function of vertical eye po-
sition (see Fig. 1). It was quantiﬁed as the slope of the
displacement plane (torsion as a function of vertical
position), for each eye. YTD between the right and left
eyes (right eye slope minus left eye slope) are a measure
of the non-concomitant change in cyclophoria with
vertical eye position (Bruno & van den Berg, 1997). Fig.
5A shows the pre-occlusion (black bars) and post-oc-
clusion (white bars) YTD for the individual subjects.
Positive values indicate greater excyclophoria in down
gaze, while negative values indicate more excyclophoria
in up gaze. Pre-occlusion values of YTD for the ﬁve
subjects (CS, EG, JM, MS and SW) were 0.02, 0.02,
0.05, 0.03 and 0.09 of cyclophoria per degree of
vertical version. Post-occlusion slope values were 0.00,
0.02, 0.05, 0.03 and 0.04 degrees/degree. A diﬀer-
ence between pre-occlusion YTD and post-occlusion
YTD would indicate a non-concomitant change of cy-
clophoria with vertical eye position. The diﬀerences
between pre-occlusion and post-occlusion were 0.02,
0.04, 0.00, 0.00 and 0.05 degrees/degree. These small
idiosyncratic diﬀerences correspond to a change of cy-
clophoria of 0.38, 0.78, 0.01, 0.04 and 0.95 from up
gaze to down gaze over a 20 range.
4.3. Non-concomitant cyclophoria change as a function of
horizontal eye position
The pitch of the displacement plane represents a
change in cyclotorsion as a function of horizontal eye
Fig. 4. Cyclophoria as a function of time for each of the ﬁve subjects,
measured pre-occlusion and two, four, six and eight hours after oc-
clusion. Positive values indicate excyclophoria and negative values
indicate incyclophoria.
Fig. 5. Non-concomitant cyclophoria changes with vertical (A) and
horizontal (B) eye position for the ﬁve subjects, measured pre-occlu-
sion (black bars) and post-occlusion (white bars). A: YTD of the two
eyes’ displacement planes (right eye minus left eye). Positive values
indicate greater excyclophoria in down gaze. B: PTD of the two eyes’
displacement planes (right eye minus left eye). Positive values indicate
greater excyclophoria in left gaze.
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position (see Fig. 2). It was quantiﬁed as the slope of
the displacement plane as a function of horizontal eye
position. PTD between right and left eyes (right eye
slope minus left eye slope) are a measure of the non-
concomitant change in cyclophoria with horizontal eye
position (Bruno & van den Berg, 1997). Fig. 5B shows
the pre-occlusion (black bars) and post-occlusion (white
bars) PTD for the individual subjects. Positive values
indicate greater excyclophoria in left gaze, while nega-
tive values would indicate greater incyclophoria in left
gaze. The pre-occlusion values for the individual sub-
jects (CS, EG, JM, MS and SW) were 0.03, 0.05, 0.00,
0.03 and 0.03 of cyclophoria per degree of horizontal
version. Post-occlusion values for the ﬁve subjects
were 0.03, 0.00, 0.01, 0.02 and 0.03 degrees/degree.
The post-occlusion minus pre-occlusion diﬀerences were
0.001, 0.052, 0.006, 0.008 and 0.055 degrees/
degree. These diﬀerences correspond to a change of cy-
clophoria of 0.01, 1.04, 0.11, 0.16 and 1.09 from left
gaze to right gaze, over a 20 range.
4.4. Concomitant cycloversion
Cycloversion equals the average open-loop cyclotor-
sion ((right eyeþ left eye)/2) derived from displacement
plane intercepts for the two eyes. Fig. 6A shows the pre-
occlusion (black bars) and post-occlusion (white bars)
open-loop measures of cycloversion for all subjects.
Positive values indicate a conjugate open-loop clockwise
cycloversion (upper poles of the eyes toward the right
shoulder) and negative values indicate a conjugate open-
loop counterclockwise cycloversion (upper poles of the
eyes toward the left shoulder). The pre-occlusion open-
loop cycloversion values for the ﬁve subjects (CS, EG,
JM, MS and SW) were 0.28, 0.32, 0.38, 0.12 and
0.02. The post-occlusion values for the ﬁve subjects
were 0.96, 0.06, 0.51, 0.24 and 0.21. The diﬀerence
values (post-occlusion minus pre-occlusion) were idio-
syncratic (1.24, 0.27, 0.12, 0.12 and 0.24).
4.5. Non-concomitant cycloversion change as a function of
vertical eye position
Non-concomitant variations of cycloversion with
vertical eye position (shown in Fig. 6B) were quantiﬁed
as the slope of cycloversion (average yaw of the two eyes
displacement planes) as a function of vertical version.
Pre-occlusion slopes (black bars) and post-occlusion
slopes (white bars) are shown for the ﬁve subjects.
Positive values indicate that clockwise cycloversion in-
creased from up to down gaze. Negative values indicate
that counterclockwise cycloversion increased from up to
down gaze. Pre-occlusion non-concomitant cycloversion
values for the ﬁve subjects (CS, EG, JM, MS and SW)
were 0.03, 0.04, 0.03, 0.06 and 0.09 of cyclo-
version for each degree vertical version. The post-
occlusion values for the ﬁve subjects were 0.04, 0.05,
0.01, 0.01 and 0.12 degrees/degree. The diﬀerence
values (post-occlusion minus pre-occlusion) were idio-
syncratic (0.012, 0.005, 0.016, 0.009 and 0.026 degrees/
degree). These diﬀerences correspond to a change of
cycloversion of 0.23, 0.09, 0.31, 0.18 and 0.52 over a
20 range from up gaze to down gaze.
4.6. Non-concomitant cycloversion change as a function of
horizontal eye position
Non-concomitant variations of cycloversion with
horizontal eye position (shown in Fig. 6C) were quan-
tiﬁed as the slope of cycloversion (average pitch of the
two eyes displacement planes) as a function of hori-
Fig. 6. Concomitant and non-concomitant changes of open-loop cy-
cloversion for the ﬁve subjects, measured pre-occlusion (black bars)
and post-occlusion (white bars). A: average torsion-axis intercept of
the plane ﬁt (concomitant component). Positive values indicate a
conjugate open-loop clockwise cycloversion (upper poles of the eyes
toward the right shoulder). B: non-concomitant variation of cyclo-
version with vertical gaze, expressed as the average YT. Positive values
indicate that clockwise cycloversion increased from up to down gaze.
C: non-concomitant variation of cycloversion with horizontal gaze,
expressed as the average PT. Positive values indicate that clockwise
cycloversion increased from right to left gaze.
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zontal version. Pre-occlusion slopes (black bars) and
post-occlusion slopes (white bars) are shown for the ﬁve
subjects. Positive values indicate that clockwise cyclo-
version increased from right to left gaze. Negative values
indicate that counterclockwise cycloversion increased
from right to left gaze. Pre-occlusion non-concomitant
cycloversion values for the ﬁve subjects (CS, EG, JM,
MS and SW) were 0.11, 0.06, 0.01, 0.03 and
0.01 of cycloversion for each degree vertical version.
The post-occlusion values for the ﬁve subjects were
0.11, 0.02, 0.05, 0.04 and 0.04 degrees/degree. The
diﬀerence values (post-occlusion minus pre-occlusion)
were idiosyncratic (0.003, 0.042, 0.038, 0.008 and
0.032 degrees/degree). These diﬀerences correspond to a
change of cycloversion of 0.06, 0.84, 0.76, 0.15 and
0.63 over a 20 range from right to left gaze.
5. Vertical phoria changes with monocular occlusion
Fig. 7 plots, for one subject (JM), the pre-occlusion
and the post-occlusion measures of vertical phoria as a
function of vertical version (top-down view in Fig. 7A)
and horizontal version (side view in Fig. 7B). Vertical
eye position is described in Fick coordinates. In order to
make comparisons with the torsion data, vertical phoria
data were plotted as a function of vertical and hori-
zontal gaze direction and ﬁt to a plane. Gaze direction
equals the conjugate (average) vertical or horizontal
eye position ((rightþ left)/2). The same axis orientations
that described vertical and horizontal eye rotation in
Figs. 1 and 2 were used where left, down, and left hy-
perphoria were signed as positive. The average stan-
dard deviation for the ﬁve subjects in the vertical
phoria analysis was 0.49 for pre-occlusion measures,
and 0.52 for post-occlusion measures.
5.1. Concomitant vertical phoria
Fig. 7 illustrates an example of a right hyperphoria
for subject JM following occlusion of his left eye. The
overall change of vertical phoria across the measure-
ment ﬁeld is shown quantitatively for all subjects by the
bar graphs in Fig. 8A. Fig. 8A displays the intercept of
the planes (as illustrated in Fig. 7). Positive values in-
dicate a left hyperphoria and negative values indicate a
right hyperphoria. Pre-occlusion values (black bars) for
the ﬁve subjects CS, EG, JM, MS and SW were 0.23,
1.03, 0.67, 0.17 and 0.32, respectively. Post-
occlusion values were 4.00, 0.66, 2.13, 0.42 and
1.68, respectively. The diﬀerence values (post-occlusion
minus pre-occlusion) for the ﬁve subjects were 3.77,
1.69, 1.46, 0.25 and 1.36. These diﬀerences
demonstrate that after eight hours of left eye occlusion,
two subjects (CS and SW) developed a left hyperphoria,
relative to their pre-occlusion level and two subjects (EG
and JM) developed a relative right hyperphoria. The
diﬀerences between pre-occlusion and post occlusion
measures were very small (0.25) for the ﬁfth subject
(MS).
5.2. Non-concomitant vertical phoria as a function of
vertical version
Non-concomitant variations of vertical phoria with
vertical version (shown in Fig. 7A) were quantiﬁed as
the slope of the vertical phoria plane ﬁt to the data as a
function of vertical version. Variations of vertical phoria
with vertical position were described by the yaw tilt
(YT) of the planes ﬁt to the data. Pre-occlusion YT
(black bars) and post-occlusion YT (white bars) for the
ﬁve subjects are shown in Fig. 8B. Positive values indi-
cate that left hyperphoria increased from up to down
gaze. Negative values indicate that right hyperphoria
increased from up to down gaze. The occlusion-related
phoria change equals the diﬀerences in the pre-occlusion
and post-occlusion YT (post-occlusion minus pre-
occlusion). A change in the slope from pre-occlusion to
post-occlusion would indicate a non-concomitant pho-
ria change after occlusion. Pre-occlusion yaw slopes for
the ﬁve subjects (CS, EG, JM, MS, SW) were 0.04,
0.02, 0.02, 0.03 and 0.01 degrees vertical phoria per
degree vertical version. Post-occlusion YT values were
0.04, 0.02, 0.01, 0.01 and 0.05 degrees/degree. Post-
occlusion minus pre-occlusion yaw slope diﬀerence were
0.005, 0.004, 0.005, 0.0165 and 0.044 degrees/degree.
Fig. 7. Top-down (A) and side (B) views of the calculated vertical
phoria of one subject (JM). A: vertical phoria as a function of vertical
gaze direction. B: vertical phoria as a function of horizontal gaze di-
rection.
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The diﬀerences correspond to vertical phoria changes of
0.10, 0.09, 0.10, 0.33 and 0.87 over a 20 range of
vertical eye positions.
5.3. Non-concomitant vertical phoria as a function of
horizontal version
The non-concomitant variation of vertical phoria
with horizontal version was quantiﬁed by the pitch tilt
(PT) of the plane ﬁt to the vertical phoria data as a
function of horizontal version (Fig. 7B). The occlusion-
related change in vertical phoria across horizontal ver-
sion angle is the diﬀerence in the slopes (post-occlusion
minus pre-occlusion). A change in PT from pre-occlu-
sion to post-occlusion would indicate a non-concomi-
tant change in vertical phoria after occlusion. Fig. 8C
shows pre-occlusion (black bars) and post-occlusion
(white bars) measures of the PT for the ﬁve subjects.
Positive values indicate that left hyperphoria increased
from right to left gaze. Negative values indicate that
right hyperphoria increased from right to left gaze. Pre-
occlusion pitch values for the ﬁve subjects (CS, EG, JM,
MS, SW) were 0.03, 0.04, 0.09, 0.01 and 0.04
vertical phoria per degree of horizontal version. Post-
occlusion values were 0.02, 0.05, 0.05, 0.02 and
0.07 degrees/degree. Post-occlusion minus pre-occlu-
sion pitch slope diﬀerence were 0.05, 0.094, 0.041,
0.028 and 0.0275 degrees/degree. Thus, four of ﬁve of
our subjects developed more left hyperphoria in right
gaze following occlusion of their left eyes (i.e. elevation
of the adducted eye). These diﬀerences in correspond to
changes of vertical phoria of 1.0, 1.87, 0.82, 0.56 and
0.55 over a 20 range of horizontal eye positions.
6. Discussion
Eight hours of monocular occlusion produced no-
ticeable changes of cyclophoria and vertical phoria,
relative to the pre-occlusion state. Four of ﬁve of our
subjects showed an excyclophoria (average magnitude of
1.8) relative to pre-occlusion measures. A small con-
jugate torsion, or open-loop cycloversion, was observed
in one of the ﬁve subjects (mean amplitude of 0.4).
Small, non-systematic changes of cyclophoria and cy-
cloversion also occurred with both horizontal and ver-
tical version.
Eight hours of left-eye occlusion also produced no-
ticeable changes of vertical phoria relative to pre-
occlusion measures. The direction of the hyperphoria
was not consistently related to which eye was occluded.
Two of our subjects had a left hyperphoria (magnitude
of 3.78 and 1.36 for CS and SW) after occlusion, while
two subjects showed a right hyperphoria (magnitude of
1.69 and 1.46 for EG and JM) after occlusion. The
ﬁfth subject showed no diﬀerence from pre-occlusion to
post-occlusion. In addition, vertical phoria varied with
horizontal gaze, where four of ﬁve subjects exhibited
more left hyperphoria in right gaze than in left gaze
following occlusion. A small, non-systematic variation
of vertical phoria was noted with vertical version.
6.1. Comparison with previous studies
Our observations of increased vertical phoria with
occlusion are consistent with prior studies that have
demonstrated that prolonged occlusion usually pro-
duces a vertical phoria in which the occluded eye can
either be elevated or depressed (Marlow, 1924; Charn-
wood, 1951; Sethi & Henson, 1985). In one study
(Marlow, 1924) elevation of the occluded eye was ob-
served in 84% of the cases that developed a vertical
phoria. In our study, the patched eye became elevated in
Fig. 8. Concomitant and non-concomitant changes of vertical phoria
for the ﬁve subjects measured pre-occlusion (black bars) and post-
occlusion (white bars). A: concomitant vertical phoria. Positive values
indicate left hyperphoria. B: non-concomitant variation of vertical
phoria with vertical gaze, expressed as YT. A positive YT indicates
greater left hyperphoria in down gaze. C: non-concomitant variation
of vertical phoria with horizontal gaze, expressed as PT. A positive PT
indicates greater left hyperphoria in left gaze.
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two subjects and depressed in two others. All four
of these subjects developed an excyclophoria with oc-
clusion. This result suggests that excyclophoria is the
baseline state of binocular eye alignment, and during
prolonged monocular occlusion, the relative directions
of the cyclophoria and the concomitant component of
the vertical phoria appear to be independent.
Non-concomitant vertical phoria after prolonged
occlusion has been reported previously (Viirre et al.,
1987; Liesch & Simonsz, 1993). After one week of con-
tinuous monocular patching, Viirre et al. (1987) re-
ported that ﬁve macaque monkeys had developed a
vertical phoria such that the abducting eye elevated and
the adducting eye depressed, independent of which eye
was patched. Liesch and Simonsz (1993) reported that
11 of 18 of their human subjects had an elevation of the
patched eye in adduction after three days of patching.
Five of the subjects showed no change in hyperphoria
after patching and two subjects developed an elevation
of the patched eye in abduction. In comparison to the
two studies, four of our ﬁve subjects showed an increase
in left (patched eye) hyperphoria in adduction, similar to
the majority of the subjects in the Liesch and Simonsz
(1993) study. When the magnitude of the hyperphoria
change across the measurement ﬁeld is expressed as a
slope and compared to the data of Liesch and Simonsz
(1993), similar values are obtained. Liesch and Simonsz
(1993) report the largest vertical phoria change as 3.5
from 20 adduction to 20 abduction, giving a slope of
0.09 (3.5 phoria change/40 ﬁeld), with an average slope
value for their subjects of 0.05. Our largest magnitude
vertical phoria change was 1.87 across the 20 ﬁeld for
a slope value of 0.09, with an average slope of 0.05,
identical to the values reported by Liesch and Simonsz.
Simonsz (1990) proposed that the non-concomitant
variations in vertical phoria, associated with an excy-
clophoria resulted from an over action of the inferior
oblique. We tested this hypothesis with an orbital me-
chanics simulator, OrbitTM. Increasing the activity of the
inferior obliques by 30% and decreasing the activity of
the superior obliques by 30% produced a concomitant 2
excyclophoria. This manipulation also produced a non-
concomitant variation of the vertical phoria with hori-
zontal gaze. The adducted eye became elevated relative
to the abducted eye with a slope of 0.05. This simulation
suggests that the non-concomitant changes in vertical
phoria that are associated with a concomitant excyclo-
phoria may be based on increased innervation to the
inferior oblique and/or decreased innervation to the
superior oblique. There was no consistent relationship
evident between the non-concomitant component of cy-
clophoria and vertical phoria. It should be noted that
the magnitude of non-concomitance was very small, less
than 0.3 of torsion per eye at a horizontal gaze eccen-
tricity of 10. Such a small change in torsion would have
little eﬀect on vertical eye position.
6.2. Ecological perspective for the existence of an
excyclophoria bias
Our results suggest that the torsional physiological
position of rest is excyclophoria. The excyclophoria bias
can be compared to the exophoria bias of the horizontal
system reported previously (Marlow, 1924; Charnwood,
1951). Marlow reported that 78% of his patients ex-
hibited an exophoria bias after occlusion. Directional
biases have been noted in other aspects of the horizontal
vergence response. An asymmetry in the adaptation
ability of convergence and divergence has been reported
previously (Schor, 1979). This asymmetry is biased
in the convergence direction, which is opposite to the
physiological resting position and might be used to
correct the physiological exophoria over time. Maxwell,
Graf, and Schor (2001) and Schor, Maxwell, and Graf
(2001) have reported a bias for incyclovergence adap-
tation that has a similar relationship between adaptation
and resting position as observed for the horizontal ver-
gence system. The incyclovergence adaptation bias
would allow for correction of the torsional physiological
phoria. During development the oculomotor system
utilizes a calibration strategy in which the initial error is
usually in one direction and is reduced over time. For
example, in the case of the horizontal system, the eyes
are divergent at birth and become aligned in the ﬁrst
three weeks of life (Rethy, 1969). This strategy would
negate the need for the system to sense the direction of
the misalignment error; corrective changes would occur
in a predetermined direction until the error was mini-
mized. The incyclovergence bias for cyclovergence ad-
aptation and the excyclophoria bias that is manifest with
monocular occlusion could suggest that at birth, neo-
nates have an excyclophoria.
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